One of the uses of MDI is as an alternative to formaldehyde in the manufacture of furniture, its main route of exposure to humans being by inhalation. There have been no previous studies on the potential prenatal toxic effects of this compound. To close this gap in information, gravid Wistar rats, Crl:(WI)BR, were exposed by whole-body inhalation to clean air (control) and to 1, 3, and 9 mg/m 3 MDI, respectively, for 6 hr per day from Days 6 to 15 post conception (p.c). Rats were killed on Day 20 p.c. and the following results were obtained: Treatment caused a dose-dependent decrease in food consumption in all substance-treated groups during exposure, returning to normal values after cessation of treatment. The lung weights in the high-dose group were significantly increased compared to the sham-treated control animals. Treatment did not influence any other maternal and/or fetal parameters investigated (maternal weight gain, number of corpora lutea, implantation sites, pre-and postimplantation loss, fetal and placental weights, gross and visceral anomalies, degree of ossification), although a slight but significant increase in litters with fetuses displaying asymmetric sternebra(e) was observed after treatment with the highest dose of 9 mg/m 3 . Although the relevance of an increase of this minor anomaly in doses which cause toxic effects in dams (reduced food consumption, increased lung weights) is limited and the number observed is within the limits of biological variability, a substance-induced effect in the high-dose group cannot be excluded with certainty. Consequently, a no embryotoxic effect level 4,4'-Methylenediphenyl diisocyanate (MDI) is used for the production of various plastics and as an alternative to formaldehyde in the manufacture of furniture. Although many partly contradictory data exist on reproductive and developmental toxicity of methyl isocyanate, the toxic agent of the Bhopal accident (Agarwal and Bose, 1992; Bucher, 1987; Guest and Varma, 1991; Kapoor, 1991; Nehez et al., 1989; Schwetz et al., 1987; Shilotri et al, 1986; Varma, 1987; Varma et al, 1987 Varma et al, , 1990 , no data were found in the published literature on the potential prenatal toxic effects of diisocyanates such as MDI or toluene diisocyanate. To close 0272-0590/96 $18.00 96 Copyright © 1996 by the Society of Toxicology. All rights of reproduction in any form reserved. this gap in information, an inhalation embryotoxicity study with monomeric MDI was performed, since inhalation is the main route of human exposure to this compound. Aerosol generation. The MDI aerosol was generated using an evaporation-condensation technique consisting of the following steps: atomization of the liquidized MDI, complete evaporation of the droplets, and recondensation of the gaseous MDI by turbulent mixing with dilution air. This technique produced a stable quasi-monodisperse aerosol with a mass median aerodynamic diameter of 1.1 /j.m and a geometric standard deviation of 1.37. Polymerization of the test material was prevented because the MDI was exposed to temperatures above 50°C for only the short time of droplet evaporation (1.5 sec). The aerosol was routed into specially constructed 6-m 3 inhalation chambers. The aerosol in the exposure chambers was monitored continuously by means of light-scattering photometers, and a "Bemer" low-pressure impactor was used for the determination of the size distribution of the MDI aerosol. A technique for sample collection and analysis of MDI in both particle and gas forms which guaranteed effective and continuous monitoring of the exposure atmosphere was applied.
Animals and husbandry. Wistar rats, Crl:(WI)BR, obtained from Charles River Wiga, Germany, were used. The rats, 10 weeks (males) and 7-10 weeks (females) old on delivery, were housed prior to conception in groups of two, and thereafter individually in Macrolon III cages with softExposure. Animals were exposed by whole-body inhalation in inhalawood bedding (H 3/4, Fa. Hahn & Co., Kronsburg) and kept on Altromin tion chambers (horizontal flow type; Heinrich et at., 1985) to clean air 1314 N and tap water, ad libitum. An artificial 12:12-hr light regimen was (control) or to 1, 3, or 9 mg/m 3 MDI for 6 hr (11 AM to 5 PM) per day used (lights on: 6 AM); air temperature was 24 + 2°C, and relative humidity from Days 6 to 15 p.c. was 40-70%. The light intensity was 150 lux (600 lux with additional light Statistics. Testing for statistical significance of parametric data was for working procedures).
performed using ANOVA and subsequent two-tailed Dunnett's test with Animals were mated overnight and vaginal smears were taken the morn-me dam/litter as a unit. In the case of incidences, a two-tailed Fisher's ing after. The day sperm was found in vaginal smears was considered Day exact test based on both litters ^j fetuses was performed. Mean values, 0 post conception. After insemination, the females were randomly assigned sta ndard deviations, and sample sizes are reported in the tables. Alternato one of the control and three treatment groups: 0 (clean air), 1 (1 mg tively incidences are shown using the form "number of fetuses affected/ MDI/m After termination, the number of corpora lutea, implantation sites, live and dead fetuses, early and late resorptions, pre-and postimplantation loss, RESULTS and fetal and placental weights were determined. Fetuses were thoroughly inspected for gross anomalies and terminated by an ip pentobarbital injec-
The mean values of the actual weekly concentrations of tion. Fetuses weighing less than 2 g were classified as runts. Half of the the exposure atmosphere and exposure times are shown in fetuses of each litter were examined for visceral anomalies using Wilson's ", ,. , __ . ,. ,, . technique (Wilson, 1965) , while the remaining half were investigated for an overall actual exposure time of 151.75 hr (nominal value, 160 hr), it may be concluded that real values were very close to the target ones. Treatment did not cause clinical symptoms of intoxication in dams, and no mortality was observed. There was also no effect on maternal body weight gain (Table 2) . However, food consumption decreased in all treated groups during exposure, being statistically different from the control group from Days 6 to 10 p.c. in the high-and medium-dose group and from Days 10 to 15 p.c. in all treated groups. Food consumption data returned to normal values after treatment ceased (Table 3) .
Gross pathology did not reveal any treatment-related effects. However, absolute and relative lung weights in the high-dose group were significantly increased compared to the sham-treated control animals (Table 4 ). This parameter was not investigated in low-and medium-dose groups.
Data on reproductive parameters are summarized in Tables 2 and 5-10. Treatment did not influence any reproductive or fetal parameters (number of corpora lutea, implantation sites, pre-and postimplantation loss, fetal and placental weights, gross and visceral anomalies, degree of ossification), although there was a slight but significant increase in litters with fetuses displaying asymmetric sternebra(e) after treatment with the highest dose of 9 mg/m 3 (Table 8 ). Additionally, the following differences from the control group were shown to be statistically significant: The number of fetuses with slight dilatation of the renal pelvis was increased in the low-dose group, the number of fetuses with accessory lumbar ribs was decreased in the mid-dose group, and the number of fetuses with incomplete ossification of sacral vertebral centers was decreased in the mid-and highdose groups.
DISCUSSION
All observed deviations may be classified as common variants or minor skeletal or visceral malformations (Palmer, 1977 (Palmer, , 1980 and/or induced artificially during examination (e.g., blood in the respiratory tract or stomach as a consequence of first breathing and thereby "swallowing" blood; some subcutaneous hemorrhages and free blood in the peritoneal cavity as a consequence of handling and terminating fetuses by ip pentobarbital injection).
The relevance of the statistically significant increase in litters with fetuses displaying asymmetric sternebrae (which is a common variant in this strain and in rats generally; Summing up the results, it may be concluded that MDI in doses up to 1 mg/m 3 did not cause any embryo-/fetotoxic effects, although maternal food consumption was decreased during exposure to doses of 3 mg/m 3 and above, and the dose of 9 mg/m 3 led to an increase in maternal lung weights (Table 11) . However, although the relevance of the increase in the number of litters with fetuses displaying asymmetric sternebra(e) is limited, a substance-induced effect in the high-dose group cannot be excluded. Consequently, a no embryotoxic effect level of 3 mg/m 3 was determined. The reported results add to the toxicological data on MDI. These include the finding that monomeric MDI was shown to cause respiratory hypersensitivity in sensitized guinea pigs (Pauluhn and Mohr, 1994; Rattray et al., 1994) as well as allergic reactions in mice (Dearman et al., 1992a,b) . After subchronic exposure (90 days, 5 days per week, 18 hr/day) to doses of 0.3, 1.0, and 3.0 mg/m 3 , a decrease in body weight and an increase in lung weight after doses of 1.0 mg/ m 3 and above were found. Several functional parameters of the lung (including suppression of the surfactant system) were influenced in the high-dose group together with histopathological changes in the lung and other parts of the respiratory system Martin-Carrera et al., 1991; Klingebiel et al., 1991) .
For the polymeric compound, chronic exposure at a level of 6.0 mg/m 3 was related to the occurrence of pulmonary tumors. It was also concluded that exposure to polymeric MDI at concentrations not leading to recurrent lung tissue damage will not produce pulmonary tumors. A "no-ob- Palmer, 1977) after treatment with the highest dose of 9 mg/ m 3 (Table 8) is limited by the fact that it represents a minor variation, and the observed incidence is within the limits of biological variability of the rat strain used. Furthermore, this effect was found only in doses which cause effects in dams as evidenced by reduced food consumption and increased lung weights, a parameter which proved to be a target one after exposure to monomeric MartinCarrera et al., 1991; Klingebiel et al., 1991; Hoymann et al., 1994) as well as polymeric MDI (Reuzel et al., 1994b) .
The significantly increased number of fetuses with slight dilatation of the renal pelvis in the low-dose group is within the limits of biological variability of the chosen strain. This finding did not show any dose-response relationship, nor was it statistically significant when compared on a per litter basis. The same was true for the observed decrease in the number of fetuses with accessory lumbar ribs in the middose group and the decrease in the number of fetuses with incomplete ossification of sacral vertebral centers in the midand high-dose groups. Moreover, these deviations represent decreases in the incidence of minor abnormalities and, consequently, cannot be considered to be an adverse effect. (Reuzel et al., 1994a) . Moreover, occupational MDI exposure could be associated with white blood cell DNA damage (Marczynski et al., 1992) and an effect on neuropsychological functions in humans (Reidy and Bolter, 1994) . In addition to the above-mentioned effects, the results of the present study do not show any important prenatal toxic (teratogenic, embryolethal, or retarding) effect of monomeric MDI after inhalation in rats under the described conditions. Consequently, to close existing gaps in information, this study shows that the performance of inhalation embryotoxicity studies of compounds previously not tested to which Note. -, not significantly different from control group; >, significantly increased compared to control group: <, significantly decreased compared to conrol group, 0. not determined. ( ). statistical differences without biological relevance.
at Pennsylvania State University on February 21, 2013 http://toxsci.oxfordjournals.org/ humans are exposed by inhalation is both useful and necessary. The results achieved are of great importance for a scientifically based risk assessment.
